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FOREWORD

THE REGIONAL AQUIFER-SYSTEM ANALY SIS PROGRAM

The Regional Aquifer-System Analysis (RASA) Program was started in 1978
following a congressional mandate to develop quantitative appraisals of the major ground-
water systems of the United States. The RASA Program represents a systematic effort to
study a number of the Nation’s most important aquifer systems, which in aggregate
underlie much of the country and which represent an important component of the Nation’s
total water supply. In general, the boundaries of these studies are identified by the
hydrologic extent of each system and accordingly transcend the political subdivisions to
which investigations have often arbitrarily been limited in the past. The broad objective for
each study is to assemble geologic, hydrologic, and geochemical information, to analyze
and develop an understanding of the system, and to develop predictive capabilities that
will contribute to the effective management of the system. The use of computer simulation
is an important element of the RASA studies, both to develop an understanding of the
natural, undisturbed hydrologic system and the changes brought about in it by human
activities, and to provide a means of predicting the regional effects of future pumping or
other stresses.

The final interpretive results of the RASA Program are presented in a series of U.S.
Geological Survey Professional Papers that describe the geology, hydrology, and
geochemistry of each regional aquifer system. Each study within the RASA Program is
assigned a single Professional Paper number, and where the volume of interpretive
material warrants, separate topical chapters that consider the principal elements of the
investigation may be published. The series of RASA interpretive reports begins with
Professional Paper 1400 and thereafter will continue in numerical sequence as the
interpretive products of subsequent studies become available.

Charles G. Groat

Director

Alll
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CONVERSION FACTORS, VERTICAL DATUM, AND
ABBREVIATED WATER-QUALITY UNITS

For readers who prefer to use metric units, conversion factors for terms used in this report are listed below:

Multiply By To obtain
inch 254 millimeters

inch per year (inch/yr) 254 millimeters per year
foot (ft) 0.3048 meter

foot per day (ft/d) 0.3048 meter per day

foot per year (ft/yr) 0.3048 meter per year

foot squared per day (ft?/ d) 0.0929 meter squared per day
mile (mi) 1.609 kilometer

square mile (mi?) 2.590 square kilometer
million gallons per day (Mgal/d) 0.04381 cubic meter per second

Sea level: In this report, “sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929)—a geodetic datum derived from a
general adjustment of the first-order level nets of the United States and Canada, formerly called Sea Level Datum of 1929.

Chemical concentration and water density are given in metric units. Chemical concentration is given in milligrams per liter (mg/L). Water
density is given in grams per cubic centimeter (g / cm®). Water temperature is given in degrees Celsius (9C), which can be converted to degrees
Fahrenheit (°F) by the following equation:

OF =18 (°C) + 32
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The RASA studies in areas adjacent to the Gulf Coast
RASA study are the Edwards-Trinity, Central Midwest,
Southeastern Coastal Plain, and Floridan (fig. 1). The
Edwards-Trinity aquifer system lies to the northwest of
the Gulf Coast RASA study area in Texas and adjacent
parts of Oklahoma and Arkansas. The Edwards-Trinity
aquifer system consists of indurated limestones and
sandstones of Cretaceous age and is separated from
aquifer systems that are the subject of this study by
massive clays and limestones of minimal permeability.
The Ozark aquifer of the Central Midwest RASA con-
sists of limestones, dolostones, and sandstones of Late
Cambrian through Devonian age. The Ozark aquifer is
exposed at the land surface to the northwest of the Gulf
Coastal Plain in northern Arkansas and southern Mis-
souri and dips beneath Gulf Coastal Plain sediments in
southeastern Missouri and northeastern Arkansas. The
massive clays that separate the two aquifer systems
become thin near the northwestern boundary of the
Gulf Coastal Plain, and the potential exists for ground-
water to flow upward from the Ozark aquifer to Gulf
Coastal Plain sediments. During the course of this
study, ground water was found to flow upward from
the Ozark aquifer in substantial amounts only in a local-
ized area near the northwestern boundary of the Gulf
Coastal Plain. The Southeastern Coastal Plain aquifer
system mostly consists of unconsolidated sands of Cre-
taceous and Tertiary age to the east of the Gulf Coastal
Plain. The aquifers of Cretaceous age dip beneath the
sediments that constitute the Gulf Coast RASA in
Mississippi, southwestern Alabama, and Florida and
are separated from the overlying aquifers by massive
clays of minimal permeability; thus, there is little poten-
tial for ground water to flow between the two systems.
The Floridan aquifer system, which mostly consists of
permeable carbonate rocks of Tertiary age, lies largely
to the east of the Gulf Coast RASA study area. How-
ever, in southwestern Alabama and western Florida, the
rocks of the Floridan aquifer undergo a facies change
from carbonate rock to marine clay, which forms a
regional confining unit throughout most of the Gulf
Coast RASA study area.

Large quantities of water are withdrawn from the
streams and aquifers of the Gulf Coastal Plain. The
quantity of ground water withdrawn during 1985 was
about one-half the quantity of surface water with-
drawn. Rates of ground-water withdrawal have
increased unevenly throughout the years as the demand
for public supply, industry, and irrigation (the three
largest uses in the study area) generally has grown.
Ground-water withdrawals have caused lowering of
water levels in and near pumping centers, induced the
movement of the fresh-saltwater interface into parts of

aquifers that previously contained freshwater, acceler-
ated land subsidence due to the compaction of interbed-
ded clays within the aquifers, and increased the lift for
pumps as a result of the lower water levels. Much work
has been done to study these effects and to evaluate the
ground-water resources in an effort to provide a ratio-
nal guide for the management and development of the
ground-water resources of the Gulf Coastal Plain. Fol-
lowing is a short summary of earlier studies and those
that were done as part of the Gulf Coast RASA.

PREVIOUS INVESTIGATIONS

The aquifers of the Gulf Coastal Plain of the south-
central United States have been the subject of study
for the past 90 years. The importance of the ground-
water resource was recognized early during this period,
and R.T. Hill noted that the Coastal Plain of Texas,
"H*constitutes one of the most productive artesian
regions of America, if not in the world ***" (Hill, 1901,
p- 398). Throughout the years since 1901, many types of
problems related to the ground-water resource have
been studied and various types of reports have been
published. By the middle of the second decade of the
20th century, reports had been published describing the
ground-water resources in Coastal Plain sediments for
every State in the study area (Harris, 1904; Crider and
Johnson, 1906; Glenn, 1906; Veatch, 1906; Shepard, 1907;
Smith, 1907; Taylor, 1907; Matson and Sanford, 1913;
and Stephenson and Crider, 1916). These reports are
characterized by extensive tables of data on wells, surfi-
cial geologic maps, and general discussions of the
occurrence of ground water. As the last of these studies
was completed, attention was directed to more detailed
studies of smaller areas and specific problems. In a
report on La Salle and McMullen Counties in Texas
(county and city locations shown in fig. 28), the first
detailed county study within the Gulf Coast RASA
study area, Deussen and Dole (1916) noted that close
spacing of wells resulted in interference among them.

A more detailed evaluation of the ground-water
resources was typical of many studies that began to be
published in the 1930's for individual Texas counties
(Lonsdale, 1935; Livingston and Bridges, 1936; Sayre,
1937; and Lonsdale and Day, 1937). Thus began a pro-
cess in which detailed studies of the ground-water
resources of counties in Texas were released over a
period of several decades, examples of which are
reports by Follett (1947), Rasmussen (1947), Winslow
(1950), Petitt (1955), Mason, (1960), Broom (1965), Shafer
(1970), Follett (1974), and Rettman (1984). Detailed
county studies of ground water in other States began
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later than those in Texas, but by the end of the 1970,
reports had been released for most counties in the study
area. Examples of reports for Louisiana parishes are
Maher (1941), U.S. Geological Survey (1951), Poole
(1961), Marie (1971), Case (1979), and Tomaszewski
(1988). Examples of reports for other States are
Mississippi, Callahan and others (1963); Wasson and
others (1965); Taylor and Thomson (1971); Dalsin and
Bettandorff (1976); Spiers and Dalsin (1979); Arkansas,
Engler and others (1945); Hewitt and others (1949);
Counts (1957); Albin (1964); Plebuch and Hines (1967);
Lamonds and others (1969); Ludwig (1972); Alabama,
Toulmin and others (1951); Newton and others (1961);
Reed and McCain (1971); Davis and others (1980); and
Tennessee, Wilson and Criner (1969); Parks and others
(1985). In Kentucky, detailed ground-water studies
were released as a series of map reports of each 7.5-
minute quadrangle, examples of which are MacCary
(1964), Davis (1965), MacCary and Davis (1966), Hansen
(1967), and Lambert (1968). As development of ground-
water supplies increased, so did the interest in areas
smaller than counties and in problems usually associ-
ated with large ground-water withdrawals.

A report on the water supply of Memphis, Tenn.
(Wells, 1932), was one of the earliest attempts to relate
cause and effect (that is, pumping rates to water-level
declines in wells). The report included a profile of the
observed pressure surface and location of pumping
from the lower Wilcox aquifer at four different times. In
a study of the Houston District, Texas, White and others
(1944) presented drawdown curves at increasing dis-
tances from a pumping well, after 1, 2, and 10 years of
pumping. These curves were based on the results of
aquifer tests, assumed pumping rates, and the Theis
(1935) nonequilibrium formula. Special problems
related to ground-water withdrawals, such as saltwater
encroachment in the Houston-Galveston area (Win-
slow, and others, 1957; Jorgensen, 1977) and in the
Baton Rouge area (Rollo, 1969), effects of faults on
ground-water flow (Whiteman, 1979; Gabrysch 1984),
and land subsidence (Winslow and Doyel, 1954; Win-
slow and Wood, 1959; Gabrysch, 1969, 1977, and 1982;
Gabrysch and Bonnet, 1975; Gabrysch and Coplin, 1990;
Whiteman, 1980; Ratzlaff, 1982) were documented in
many reports. The complexity of ground-water prob-
lems increased as the number of wells and volume of
water withdrawn increased, thus making it more diffi-
cult to clearly relate cause and effect. Consequently,
ground-water flow simulation techniques were applied
with increasing frequency in an attempt to evaluate the
effect of multiple factors on the ground-water resource.

Simulation of ground-water flow in the Gulf Coastal
Plain was introduced by Patton (as described in Wood
and Gabrysch, 1965) with the application of an analog

model in the Houston District, Texas. Subsequently,
analog models were used to simulate ground-water
flow relative to specific problems at several locations,
such as water-level declines in the Sparta Sand in the
northern Mississippi embayment (Reed, 1972); stream-
aquifer interactions in Arkansas (Broom and Reed,
1973); the effects of recharge wells on the potentiomet-
ric surface of aquifers in the vicinity of the Houston,
Tex., ship channel (Jorgensen, 1973); and declines in the
potentiometric surfaces of aquifers in the Houston Dis-
trict, Texas, in response to alternative locations and
magnitudes of ground-water withdrawals (Jorgensen,
1975; Jorgensen and Gabrysch, 1974).

Simulation of ground-water flow within the study
area continued as digital computer models replaced
analog models, and attention continued to be focused
on specific problems at various locations. Examples
include simulation of water levels in an alluvial aquifer
adjacent to a reservoir in eastern Texas (Garza, 1974);
simulation of decline in water levels due to widespread
ground-water withdrawals in southern Texas (Klemt
and others, 1976); simulation of stream-aquifer interac-
tions in Arkansas (Reed and Broom, 1979); simulation
of declines in potentiometric surfaces of aquifers and
land subsidence in the Houston area, Texas (Meyer and
Carr, 1979; Carr and others, 1985); and simulation of
water-level rises due to construction of navigation facil-
ities on the Red River in northern Louisiana (Ludwig
and Terry, 1980; Rogers, 1983). Simulations were made
of water-level declines due to large ground-water with-
drawals for northeastern Arkansas (Broom and Lyford,
1981); for the Memphis area, Tennessee (Brahana, 1982);
for northwestern Mississippi (Sumner and Wasson,
1984a, 1984b); for the Baton Rouge area, Louisiana
(Torak and Whiteman, 1982; Huntzinger and others,
1985; Kuniansky, 1989); and for the Gulf Coastal Plain
of Texas (Carr and others, 1985). Simulation of ground-
water flow has been used within the study area to eval-
uate various activities such as the use of piercement-
type salt domes for the isolation of radioactive waste in
eastern Texas (Fogg and others, 1983); solution mining
of uranium in southern Texas (Henry and others, 1982);
and open-pit mining of lignite in east-central Texas
(Charbeneau and Wright, 1983). Also, simulation of
ground-water flow has been used recently to evaluate
the potential for the movement of saline water from
adjacent aquifers into aquifers with large withdrawals
(Groschen, 1985; Trudeau and Buono, 1985).

These problem-oriented studies were conducted
with little consideration of the regional ground-water
flow system. The regional study of the Mississippi
embayment (Cushing and others, 1970; Boswell and
others, 1965, 1968; Hosman and others, 1968) and the
multi-State study of the Claiborne Group (Payne, 1968,
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1970, 1972, 1975) were comprehensive and largely
descriptive, and the summary appraisals of the ground-
water resource in major river basins (West and Broad-
hurst, 1975; Baker and Wall, 1976; Bedinger and
Sniegocki, 1976; Zurawski, 1978; Cederstrom and oth-
ers, 1979; Terry and others, 1979) were qualitative eval-
uations of the availability of the resource and
discussions of various management strategies rather
than a quantitative cause-and-effect analysis. All of the
studies cited above, plus many more that are not cited,
provide a large body of data and interpretive material.
Although these data are not uniformly distributed in
time or space, they provided a base upon which the
Gulf Coast RASA study could build and thus develop
an understanding of the regional ground-water flow
system.

REGIONAL ANALYSIS OF THE GULF COAST
AQUIFER SYSTEMS

The major objectives of the Gulf Coast RASA study
are to delineate the geohydrologic framework, describe
the ground-water chemistry, and determine regional
flow patterns. A regionally consistent geohydrologic
framework was developed, a regional description of
ground-water chemistry was made, and ground-water
flow models were used to simulate regional flow pat-
terns. The following discussion highlights the efforts
involved in meeting the study objectives.

Many interim reports (Sun and Weeks, 1991) were
released to describe progress or to document tech-
niques, procedures, and data used during the study.
Progress on the study was reported by Grubb (1985,
1986b, 1987, 1992); Wilson and Hosman (1988)
described a geophysical well-log data base; Weiss and
Williamson (1985) presented a method for vertically
subdividing thick sedimentary units; and maps, sec-
tions, and diagrams of the geohydrologic framework
were constructed by Hosman (1982, 1988); Arthur
and Taylor (1986); Mesko (1988, 1990); Parks and
Carmichael (1989, 1990b, 1990c); Taylor and Arthur
(1989); and Whiteman and Martin (1984). Potentiomet-
ric surface maps were prepared for several aquifers,
some for the first time, by Ackerman (1987a, 1987b,
1989b); Boswell and Arthur (1988); Garza and others
(1987); Martin and Whiteman (1985a, 1985b, 1986); Mar-
tin and others (1988); and Parks and Carmichael (1990a,
1990b). Williams and Williamson (1989) presented a
technique for estimating predevelopment water-table
altitudes for regional ground-water studies of the Gulf
Coastal Plain.

The areal distribution of dissolved-solids concentra-
tions, major ion concentrations, and primary water

types in ground water from the study area were shown
by Pettijohn (1988); Pettijohn and others (1988); Petti-
john, Busby, and Beckman (1992, 1993a, 1993b, 1993c);
Pettijohn, Busby, and Cervantes (1993a, 1993b, 1993c);
and Pettijohn, Busby, and Layman (1993a, 1993b,
1993c). The geochemistry was described by Pettijohn
(1996). Procedures for processing water-chemistry data
were described by Pettijohn (1986), and techniques
related to water chemistry interpretations of geophysi-
cal well logs were described by MacCary (1984) and
Weiss (1987). Brahana and others (1985) presented
ground-water quality data for the northern Mississippi
embayment.

Preliminary simulations of predevelopment ground-
water flow were made by Ackerman (1989a), Arthur
and Taylor (1990), Brahana and Mesko (1988), Martin
and Whiteman (1989), Ryder (1988), Williamson (1987),
and Williamson and others (1990). Kuiper presented
techniques for simulating variable density ground-
water flow (1983, 1985), evaluated several methods for
the solution of the inverse problem (1986), evaluated
several numerical techniques (1987a), provided a com-
puter program for general application (1987b), and doc-
umented the use of a nonlinear regression model, or
parameter estimation model for regional ground-water
flow simulation (1994). Martin and Whiteman (1990)
presented a calibration and sensitivity analysis of a
ground-water flow model. Brahana and Mesko (in
press) presented a hydrologic analysis based on simula-
tion of ground-water flow in the McNairy-Nacatoch
aquifer in the northern Mississippi embayment.
Regional interpretations of ground-water flow, based
largely on computer-model simulations, were made by
Grubb (1986a) and Grubb and Arthur (1991).

Ground-water withdrawals, as apportioned to each
25-square-mile area of the study area, were docu-
mented by Mesko and others (1990). Beckman and Will-
iamson (1990) described locations of salt domes that
penetrate each regional aquifer in the gulf coast aquifer
systems. Prudic (1991) analyzed about 6,000 aquifer and
specific capacity tests from the study area.

The final results of the Gulf Coast RASA are con-
tained in chapters of U.S. Geological Survey Profes-
sional Paper 1416. Each chapter deals with a specific
subject or with specific parts of the flow system. A
regionally consistent geohydrologic framework is docu-
mented in chapters B (Hosman and Weiss, 1991) and C
(Weiss, 1992), regional stratigraphy and subsurface
geology is contained in chapter G (Hosman, 1996), and
chapters D, E, H, and I present a hydrologic analysis
based on simulations of ground-water flow in different
parts of the aquifer system: the Mississippi River Valley
alluvial aquifer (chapter D, Ackerman, 1996); the Texas
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Gulf Coastal Plain (chapter E, Ryder and Ardis, in |
press); Coastal Plain sediments of southern Louisiana,
southern Mississippi, southwestern Alabama, and adja-
cent Florida (chapter H, Martin and Whiteman, in
press); and the Mississippi embayment (chapter I,
Arthur and Taylor, in press). Chapter F (Williamson
and Grubb, in press) is a regional hydrologic analysis
based on simulation of ground-water flow that pro-
vides an evaluation of the effects of historical ground-
water withdrawals and an evaluation of the regional
potential for development of the ground-water
resource. Chapter A (this report) is a summary of the
hydrology of the regional aquifer systems in the Gulf
Coastal Plain of the south-central United States and, in
large part, is taken from the other chapters of Profes-
sional Paper 1416.

GEOGRAPHY

The study area underlies about 230,000 mi? of the
Gulf Coastal Plain in parts of Alabama, Arkansas, Flor-
ida, Illinois, Kentucky, Louisiana, Mississippi, Missouri,
Tennessee, and Texas, and about 60,000 mi“ of the Gulf
of Mexico between the coast and the edge of the Conti-
nental Shelf (fig. 2). The topography, climate, and major
streams of the area influence recharge, discharge, and
ground-water flow patterns, whereas population and
economic activity influence ground-water withdrawals
(pumpage).

Land-surface altitude ranges from sea level along
the coast to more than 800 ft in a small area of southern
Texas (fig. 2). The gently sloping coastal plain is dis-
sected by streams that are typically perpendicular to the
coastline. Gently rolling hills and locally rugged topog-
raphy are common except in a band across coastal Texas
and Louisiana and in the broad Mississippi Alluvial
Plain that extends from the mouth of the Mississippi
River to the southern tip of Illinois. Land-surface alti-
tude is typically less than 50 ft above sea level in the
coastal band across Texas and Louisiana that is 25 to
50 mi wide. The Mississippi Alluvial Plain is the domi-
nant topographic feature in the study area (fig. 2). It is
typically 80 to 90 mi wide but is as much as 120 mi wide
near the latitude of Little Rock, Arkansas, and as little
as 30 mi wide between Vicksburg and Natchez, Missis-
sippi. The essentially flat alluvial plain slopes south-
ward from about 330 ft above sea level in Illinois,
Kentucky, and Missouri to about 25 ft above sea level at
the latitude of Baton Rouge, Louisiana. From Baton
Rouge southward, the Mississippi Alluvial Plain
merges with the coastal band of low topography that
extends across Texas and Louisiana. The hills that bor-

der the Mississippi Alluvial Plain on the east extend
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southward to near the coast of Mississippi and Ala-
bama.

Several major streams that drain the area originate
beyond the study area boundary and have substantial
flow at the point where they enter the study area. The
major rivers that have large drainage areas beyond the
Gulf Coastal Plain are, from west to east, the Rio
Grande, Colorado, Brazos, Red, Arkansas, Mississippi,
Ohio, and Tombigbee. Other rivers that have relatively
small drainage areas beyond the study area are the Frio,
Guadalupe, Trinity, Sabine, Ouachita, and Escambia.
The entire drainage areas of several rivers, such as the
Neches, Yazoo, Pearl, and Pascagoula, are totally within
the study area, and they typically have less flow than
the rivers that originate outside the study area. Much
water is available in the stream systems; the mean
annual flows range from 775 ft3/s for the Nueces River
near Mathis, Tex., to 452,000 ft*/s for the Mississippi
River at Hickman, Ky., near the northernmost part of
the study area.

The climate of the area is mostly humid subtropi-
cal, with mean annual temperature ranging from about
57°F in the north to about 70°F in the south. Mean
annual precipitation ranges from less than 24 inches in
southern Texas to more than 64 inches in southern
Mississippi and adjacent parts of Louisiana and Ala-
bama (fig. 3). Pan evaporation decreases from about
100 inches/yr in southern Texas to 60-65 inches/yr
throughout most of the coastal areas of Louisiana, Mis-
sissippi, and Alabama. Pan evaporation also decreases
from about 65 inches/yr along the Louisiana coast to
less than 45 inches/ yr in southern Illinois.

A large part of the precipitation leaves the area as
surface runoff. Mean annual runoff ranges from 0.2 inch
in southern Texas to about 28 inches in southern Ala-
bama (Gebert and others, 1987). Much of the precipita-
tion that does not run off is removed from the area by
evapotranspiration. Most recharge to the water table is
discharged nearby and provides base flow of streams.
Only a small fraction, typically less than 1 inch/yr, is
left to recharge the regional ground-water system
except in areas with large ground-water pumpage (Wil-
liamson and others, 1990).

POPULATION AND ECONOMY

Population within the study area grew at the rate of
about one-quarter million per decade during the period
1970-90 and reached a total of 20.4 million by 1990
(fig. 4). This growth rate was about a factor of 2 greater
than the fairly steady population growth rate during
the previous four decades. In addition to the increase in
population, there was a large movement of people from
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crop areas, horizontal flow decreased substantially
throughout most of the coastal counties where land-sur-
face altitudes are generally less than 50 ft above sea
level. The small flow vectors at the shoreline (fig. 29)
indicate that most of the freshwater had been dis-
charged from the aquifer. Water moved upward all
along the flow paths from a short distance downdip
from the outcrop area to the shoreline. At the shoreline,
eastward-flowing freshwater met westward-moving
saline water. The horizontal flow of saline water off-
shore was less than the flow of freshwater onshore, as
indicated by the much smaller flow vectors offshore on
the Continental Shelf than the flow vectors onshore.

Horizontal flow outward from the outcrop area of
permeable zone B in southeastern Texas was southeast-
ward toward the coast. Horizontal flow decreased sub-
stantially where land-surface altitudes are generally
less than 50 ft above sea level, about 30 to 40 mi inland
from the shoreline. Vertical flow was upward to the
overlying permeable zone along most of the flow
paths from an area just gulfward from the outcrop area
to the shoreline. Small horizontal flow radiated out-
ward from two bodies of dense water offshore from
Texas. The dense water is approximately outlined by
the 35,000-mg/L dissolved-solids concentration line
shown in figure 29.

The large horizontal flows in southwestern Missis-
sippi radiated outward from the outcrop to the west,
southwest, and south. Flow decreased substantially at
the Mississippi River to the west and southwest where
the river flows along the eastern side of the Mississippi
Alluvial Plain. All flow to the west discharged upward
to the overlying permeable zone within about 10 mi of
the Mississippi River, as indicated by the meeting of
eastward- and westward-pointing flow vectors (fig. 29).
Flow decreased substantially to the south about 70 to
100 mi from the shoreline where land-surface altitudes
are typically less than 50 ft above sea level. Northward
flow from the Continental Shelf met the southward flow
as much as 50 mi inland from the coast. The northward
flow was associated with a large body of dense water in
this permeable zone that extended throughout most of
offshore Louisiana and most coastal parishes of south-
eastern Louisiana. This body of dense water is approxi-
mately outlined by the line marking a dissolved-solids
concentration of 35,000 mg/L in figure 29.

Large horizontal flow in west-central Louisiana was
generally to the south and extended throughout an area
of several hundred square miles from an area of high
land-surface altitude near the Louisiana-Texas bound-
ary. This area of large horizontal flow was much
smaller than the other three discussed above, and flow
decreased substantially within 40 mi of the outcrop
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area. Most of the flow had discharged upward to the
overlying permeable zone inland from the coast where
flow vectors are about parallel to shoreline (fig. 29).

MIDDLE CLAIBORNE AQUIFER

Large predevelopment horizontal flows in the mid-
dle Claiborne aquifer were in southern and northeast-
ern Texas, southern Arkansas and adjacent parts of
Louisiana, central Mississippi, and western Tennessee
and adjacent parts of Mississippi (fig. 31). Flow in
southern Texas was to the east, south, and southwest
from the outcrop area of the aquifer and decreased sub-
stantially near the downdip extent of the aquifer. The
flow to the south and southwest discharged to the Rio
Grande, and the flow to the east discharged in the vicin-
ity of the Guadalupe River. Upward flow to the overly-
ing upper Claiborne aquifer occurred all along the flow
paths; thus, flows were reduced substantially to the east
and southwest near the downdip limit of the aquifer.

The horizontal flow vectors in northeastern Texas
(fig. 31) appear to be disordered compared to those in
southern Texas. Most discharge was to the streams that
flow across the outcrop area. Long regional flow paths
were present only where substantially smaller flows
were parallel to the outcrop area in the confined part of
the aquifer. Semicircular flow was associated with a
large body of dense water that extended from Texas
across adjacent parts of Louisiana into southern Missis-
sippi. The semicircular feature is centered in central
Louisiana. The body of dense water is approximately
delineated by the dissolved-solids concentration line of
35,000 mg/L in figure 31.

Horizontal flow lines from southern Arkansas and
adjacent parts of Louisiana converged along the Ouach-
ita River and at a large regional discharge area in north-
eastern Louisiana. Some of the northernmost flow lines
radiating from the outcrop area of southern Arkansas
extended southeastward past the Mississippi River and
converged along a discharge line northwest of the area
of large horizontal flow in central Mississippi. The dis-
charge line extended into the southernmost part of the
subcrop of the middle Claiborne aquifer beneath the
Mississippi River Valley alluvial aquifer. The relatively
low-lying Mississippi Alluvial Plain extends several
miles to the east of the Mississippi River in the vicinity
of the line of discharge. Some of the southernmost flow
lines radiating outward from the outcrop area of central
Mississippi crossed the Mississippi River and con-
verged to the regional discharge area in northeastern
Louisiana.

Flow lines radiating outward from the area of large
horizontal flow in western Tennessee and adjacent Mis-
sissippi extended a relatively short distance to the west



Ad4 REGIONAL AQUIFER-SYSTEM ANALYSIS—GULF COASTAL PLAIN
WATER TABLE, STREAMS, SWAMPS, AND 2900
OTHER NEAR-SURFACE FEATURES T |
1,200 I 740
1 1l
! 1
MISSISSIPPI RIVER VALLEY PERMEABLE
830 440 —— 05 78 340 440
T | ALLUVIAL AQUIFER 78 T | 18 P g 0.5 T | ZONE A
Il ! Il
62 130 230 300 35 | PERMEABLE
1w = 11 ZONE B
! 1
160 250 250 130 | PERMEABLE
T | 9 =01 T | ZONE C
Ty I
2 240 89 190 | PERMEABLE
] wd=" 1] ZONE D
! Il
10 2 3 76 | PERMEABLE
—T—><0.1 ZONE E
[ = I
- ;
260 17
i g 250 UPPER CLAIBORNE AQUIFER EXPLANATION
T | 2s0= T |
! [ l Flow between aquifers and
64 %P 0 §7 | MIDDLE CLAIBORNE AQUIFER permeeble zones—in million
T | 100 a 1] gallons per day
| l l l Fl bet: th f sub:
a1 0 160 140 | LOWER CLAIBORNE- Discharge Recharge :"’;’q;f::ze:n b ;e"r::::m:“mz::
e
T | 31— T | UPPER WILCOX AQUIFER To subcrop and the Mississippi River Valley
[} [} From subcrop alluvial aquifer, and recherge and
12 93 110 150 MIDDLE WILCOX AQUIFER discharge to the outcrop of
]‘ | w2 40 1 aquifers and permeable zones—
) - | l In million gallons per day
n 110 | LOWER WILCOX AQUIFER Sum of flow rates may not balance
"0 due to independent rounding

FIGURE 32.—Simulated predevelopment ground-water budget from the regional-scale model.

before flow was reduced substantially near the edge of
the Mississippi Alluvial Plain. The flow from the north-
ernmost part of the area was to the northwest toward
Missouri. The flow lines extended past the Mississippi
River into Arkansas before they turned to the west and
then to the south, where they converged with flow lines
from the west.

GROUND-WATER BUDGET

The regional ground-water budget for predevelop-
ment (fig. 32) accounts for inflows to and outflows
from each aquifer or permeable zone. Outflow from
an aquifer or permeable zone is either (1) discharge to
the water table or surface-water body within the out-
crop area of the same aquifer or permeable zone, or
(2) flow upward to overlying aquifers or permeable
zones. Simulated predevelopment recharge was about
1,300 Mgal/d to the combined Mississippi River Val-
ley alluvial aquifer and permeable zone A and about
1,600 Mgal/d to all other aquifers and permeable
zones (fig. 32). The net recharge of about 700 Mgal/d to
all aquifers and permeable zones except the Missis-

sippi River Valley alluvial aquifer and permeable zone
A was discharged to permeable zone A and the Missis-
sippi River Valley alluvial aquifer in nearly equal vol-
umes. Net recharge ranged from less than 1 Mgal/d to
the lower Wilcox aquifer to about 190 Mgal/d to the
lower Claiborne-upper Wilcox aquifer. Vertical flows
ranged from less than 1 Mgal/d between the lower
Wilcox aquifer and the middle Wilcox aquifer to
about 300 Mgal/d between permeable zone B and per-
meable zone A (fig. 32).

Net simulated recharge among the permeable zones
of the coastal lowlands aquifer system was least to per-
meable zone E and greatest to permeable zone B (Mar-
tin and Whiteman, in press; Ryder and Ardis, in press).
The largest vertical flow between permeable zones was
upward from permeable zone B to permeable zone A.
Permeable zone A was a net predevelopment discharge
area because it underlies a large area where the land-
surface altitude commonly is less than 50 ft above sea
level, and the vertical gradients in the underlying
permeable zones are predominantly upward.

Net simulated recharge among the aquifers of the
Texas coastal uplands aquifer system was least to the
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middle Wilcox aquifer and greatest to the lower Clai-
borne-upper Wilcox aquifer (Ryder and Ardis, in press).
The largest vertical flow between aquifers was upward
from the middle Claiborne aquifer to the upper
Claiborne aquifer. The outcrop area of the upper Clai-
borne aquifer was a net discharge area because the pre-
dominant vertical flow from all the underlying aquifers
was upward, and the upper Claiborne aquifer is the
uppermost aquifer in the aquifer system. Vertical flow
from the upper Claiborne aquifer to the coastal low-
lands aquifer system was restricted to a small quantity
by the minimal permeability of the Vicksburg-Jackson
confining unit.

Net simulated recharge among the aquifers of the
Mississippi embayment aquifer system was least to the
lower Wilcox aquifer and greatest to the lower Clai-
borne-upper Wilcox aquifer (Arthur and Taylor, in
press). The largest vertical flow between aquifers was
upward from the middle Claiborne aquifer to the upper
Claiborne aquifer. Most of the net recharge was dis-
charged to the Mississippi River Valley alluvial aquifer
where the aquifers subcrop; about equal quantities were
discharged from the upper Claiborne aquifer and all
other aquifers combined. The large volume of vertical
flow upward from the upper Claiborne aquifer was
because of the predominant vertical upward gradient in
all the aquifers underlying the area where the upper
Claiborne aquifer subcrops the Mississippi River Valley
alluvial aquifer. Vertical flow from the upper Claiborne
aquifer to the coastal lowlands aquifer system was
restricted to a small quantity by the minimal permeabil-
ity of the Vicksburg-Jackson confining unit.

EFFECTS OF WATER DENSITY

The simulated flow directions in aquifers and per-
meable zones are substantially affected bz water den-
sity that is greater than about 1.025 g/cm”. The effects
such as vertical flows that are downward, increased
volume of horizontal flow, and semicircular horizontal
flow patterns are illustrated by comparison of simu-
lated results for permeable zones A, B, and D. The
effects of water density are more evident for permeable
zones D, C, E, and B in the coastal lowlands aquifer sys-
tem and for the middle Wilcox aquifer of the Missis-
sippi embayment aquifer system.

Vertical flow relative to the base of permeable zone
A was downward through an area of about 12 000 mi?
offshore from Louisiana and about 8,000 mi? offshore
from Texas (fig. 28). Throughout most of the area where
the flow was downward, a column of seawater (density
of 1.025 g/cm®) overlies permeable zone A and
increases in height (up to 300 ft) from the shoreline
toward the edge of the Continental Shelf. Where the
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vertical flow in the offshore area was downward from
permeable zone A water density generally was greater
than 1.000 %/ cm?® in permeable zone A and greater than
1.020 g/cm® in permeable zone B. The less dense water
was discharged from permeable zone A to the Gulf of
Mexico throughout most of the Continental Shelf where
vertical flow was not downward relative to the base of
permeable zone A. The two points offshore where hori-
zontal flow arrows meet in permeable zone A are the
centers of bodies of dense water in permeable zone B
(figs. 28 and 29).

Vertical flow relative to the base of permeable zone
B (fig. 29) was downward through some of the same off-
shore area as for permeable zone A (fig. 28). However,
the total area was less, and the volume of vertical flows
generally were smaller for permeable zone B than for
permeable zone A. Water den51ty in permeable zone B
was greater than 1.04 g/cm® in those areas of offshore
Louisiana where the downward vertical flows across
the base of permeable zone B were largest. Horizontal
flows along flow paths that originated 10 to 20 mi off-
shore from Galveston Bay in permeable zone B and
extended to the east and southeast became larger off-
shore from southwestern Louisiana where they turned
to the south. A substantial volume of downward verti-
cal flow across the base of permeable zone A was
present (fig. 28) in the area where horizontal flows
became larger in permeable zone B (fig. 29).

Vertical flow relative to the base of permeable zone
D (fig. 30) was downward only onshore because the
underlying permeable zone E did not extend offshore.
A body of dense water (generally ranging in density
from 1.04 to 1.06 g/ cm ) extended across southern Lou-
isiana; however, downward flow relative to the base of
permeable zone D was present throughout an area of
about 4,500 mi%. The semicircular horizontal flow pat-
terns in this permeable zone (fig. 30) across southern
Louisiana are coincident with the northern margin of
the dense water body described above.

FLOW DURING THE 1980’s

Several significant changes in ground-water flow
due to ground-water withdrawals were evident by the
1980’s throughout much of the Gulf Coastal Plain. Many
of the changes had been in progress for many years but
reached maximum magnitude by the 1980’s. Some
changes have been documented, such as lowering of
water levels, land subsidence, loss of saturated thick-
ness, and saltwater encroachment. Other changes, such
as changes in direction of vertical ground-water flow,
increases in regional recharge, decreases in regional dis-
charge, and large-scale changes in direction of horizon-
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tal flow, are not as readily observable by direct
measurement, but they are nonetheless real and signifi-
cant to the long-term use and management of the
ground-water resource. These less obvious changes in
ground-water flow are best demonstrated by compar-
ing and contrasting predevelopment conditions to con-
ditions during the 1980’s. Results from ground-water
flow models that use regionally consistent data make
possible the comparisons and contrasts that highlight
the less obvious changes in the ground-water flow sys-
tem.

RECHARGE AND DISCHARGE

Most of the onshore predevelopment regional dis-
charge areas had become net regional recharge areas by
1985. Three notable exceptions are: the valley of the
Tombigbee River in Alabama, the valley of the Trinity
River where it crosses the Texas coastal uplands aquifer
system, and the valley of the Nueces River, which is
connected to a discharge area along the coast of south-
ern Texas (Williamson and others, 1990).

Many regional discharge areas along the valleys of
major streams in the coastal lowlands aquifer system
had become net recharge areas by the 1980’s. The
regional recharge areas across southeastern Texas
(fig. 25) merged to form one large area of net recharge
extending from the Guadalupe River eastward to the
Trinity River. Discharge areas along the Texas streams
were separated from the coastal discharge area where it
still existed in 1982 except for the area along the Rio
Grande (Ryder and Ardis, in press). By 1985, the coastal
area of southwestern Louisiana that was a discharge
area under predevelopment conditions (fig. 25) was
greatly reduced, as the area of recharge expanded to
encompass most of southwestern Louisiana except for
short segments of the major stream valleys gulfward
from the Vicksburg-Jackson confining unit (Martin and
Whiteman, in press). Most of the Mississippi Alluvial
Plain from Vicksburg, Mississippi, to the Gulf of Mexico
had changed from a net regional discharge area under
predevelopment conditions to a net regional recharge
area by 1985 (Martin and Whiteman, in press). Dis-
charge to the Pearl, Pascagoula, and Tombigbee Rivers
continued during 1985.

Discharge to the valleys of the major rivers in the
Texas coastal uplands aquifer system was the least
changed by ground-water withdrawal. Although the
size of the areas adjacent to the streams receiving
regional predevelopment discharge had, in most
instances, decreased by the 1980’s, they were still net
discharge areas. An example is a large predevelopment
discharge area in southern Texas (fig. 26) that decreased
in size by several tens of square miles due to with-
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drawal of ground water for irrigation (Ryder and Ardis,
in press).

Most of the Mississippi Alluvial Plain was a net
regional recharge area to the Mississippi embayment
aquifer system by the 1980’s. However, discharge con-
tinued in an area of Kentucky, Missouri, and Tennessee
adjacent to the Mississippi River in the northern part of
the embayment (fig. 27). Also, simulation shows dis-
charge along a short segment of the Ouachita River in
southern Arkansas and adjacent Louisiana, and along
the Yazoo River and tributaries of the Pascagoula River
in Mississippi (Arthur and Taylor, in press).

FLOW PATTERNS

Changes in regional flow patterns from predevelop-
ment have resulted from ground-water withdrawals.
The most notable are changes in direction of horizontal
flow paths that extend for hundreds of miles from
pumping centers, and a reversal in vertical flow direc-
tion from vertically upward to vertically downward
throughout thousands of square miles. These changes
are shown by comparing figures 28-31 with figures 33—
36. The flow patterns in permeable zone B and the mid-
dle Claiborne aquifer will be used as examples to illus-
trate some of the changes.

PERMEABLE ZONE B

The largest changes in flow from predevelopment to
the 1980's in permeable zone B (lower Pleistocene-
upper Pliocene deposits) were in southeastern Texas
and southeastern Louisiana and the adjacent offshore
area (compare figs. 29 and 34). Ground-water with-
drawals in southern Texas and west-central Louisiana
had caused little change in either direction or quantity
of flow by the 1980's.

By 1985 horizontal flow in southeastern Texas was
toward an area with large pumpage centered near
Houston in Harris County. The predevelopment flow
direction from the outcrop area toward the gulf was still
maintained except that near the center of pumpage
many of the flow lines became parallel to the shoreline
(fig. 34). Also, the convergence of predevelopment flow
lines near the shoreline was changed by ground-water
development. Currently (1985), flow from several tens
of miles offshore moves toward the center of pumpage
located several tens of miles inland from the gulf near
Houston. The quantity of flow just inland from the gulf
is substantially larger than during predevelopment and
moves in the opposite direction (that is from the gulf
toward the center of pumpage). The direction of vertical
flow relative to the base of permeable zone B has been
reversed throughout an area of several hundred square
miles that is coincident with much of the area of
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ground-water withdrawal in southeastern Texas (com-
pare figs. 29 and 34). Under predevelopment condi-
tions, flow was upward from underlying units through
permeable zone B to permeable zone A and eventually
discharged to the water table, or to streams, lakes,
swamps, and other surface-water features. As a result
of large-scale ground-water pumpage water was flow-
ing downward from permeable zone B by the 1980’s in
order to supply the pumpage from permeable zone C.

Flow toward a center of pumpage at Baton Rouge,
La., resulted in a change in direction of both horizontal
and vertical ground-water flow by 1985 (fig. 34). Flow
from the regional recharge area in southern Mississippi
and adjacent Louisiana continued outward in the same
directions as during predevelopment, but pumpage has
caused flow lines to turn parallel to the coast and
toward the center of pumpage. Flow lines between the
gulf and the center of pumpage changed direction due
to the pumping, and flow from offshore now moves
toward the center of pumpage at Baton Rouge. Hori-
zontal flow volumes onshore between the pumping
center and the gulf were substantially larger in 1985
than in predevelopment. By 1985, the vertical flow of
water relative to the base of permeable zone B was
reversed from its predevelopment direction. Pumping
from the underlying permeable zone C resulted in flow
from permeable zone B to permeable zone C.

The predevelopment direction of vertical flow
between permeable zone B and the overlying permeable
zone A (fig. 33) was also reversed in these two pumping
centers by ground-water development. Substantial
quantities of water moved from the water table down-
ward through permeable zone A into permeable zone B
to supply pumpage from permeable zone B and under-
lying permeable zones in 1985.

MIDDLE CLAIBORNE AQUIFER

Horizontal flow direction in the middle Claiborne
aquifer changed very little in the Texas coastal uplands
aquifer system but changed substantially in the Missis-
sippi embayment aquifer system. Vertical flow relative
to the base of the aquifer changed direction in southern
Texas, northeastern Arkansas, southwestern Arkansas
and adjacent parts of Louisiana, and in local areas in
Mississippi (compare figs. 31 and 36).

By 1985, the direction of horizontal flow in the mid-
dle Claiborne aquifer of the Mississippi embayment
aquifer system was toward major centers of pumpage in
extreme southwestern Tennessee, southern Arkansas,
and northern Louisiana (fig. 36). Flow relative to the
base of the aquifer in northeastern Arkansas west of the
pumping center in Tennessee was reversed from prede-
velopment; by 1985, flow was downward from the mid-
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dle Claiborne aquifer to the underlying lower
Claiborne-upper Wilcox aquifer. Some horizontal flow
paths in the lower Claiborne-upper Wilcox aquifer had
an eastward component into Tennessee where flow was
upward to the center of pumpage in the middle Clai-
borne aquifer. However, some of the areas where flow
was downward from the middle Claiborne aquifer in
northeastern Arkansas coincides with an area of down-
ward flow across the base of the lower Claiborne-upper
Wilcox aquifer to supply pumpage from underlying
aquifers. The most widespread change in vertical flow
direction related to pumping in the middle Claiborne
aquifer occurred in the overlying upper Claiborne aqui-
fer. By 1985, downward flow from the upper Claiborne
aquifer to the middle Claiborne aquifer extended
throughout most of the area where the upper Claiborne
aquifer is present in Arkansas and Tennessee. Under
predevelopment conditions, the flow was in the oppo-
site direction, from the middle Claiborne aquifer
upward to the upper Claiborne aquifer.

Flow lines converged toward pumping centers in
northeastern Louisiana by 1985. The point of conver-
gence had moved to the south and slightly westward
from the point of convergence under predevelopment
conditions. Downward flow under predevelopment
conditions in northwestern Louisiana had been
reversed to upward flow relative to the base of the
middle Claiborne aquifer throughout an area of about
70 mi® by 1985.

Horizontal flow patterns changed little in the mid-
dle Claiborne aquifer of the Texas coastal uplands aqui-
fer system from predevelopment to 1985 because there
has been minimal pumping from the aquifer. However,
by 1985 the vertical flow direction throughout an area
of several hundred square miles in southern Texas had
been reversed from predevelopment. By 1985, water
flowed downward from the middle Claiborne aquifer to
the lower Claiborne-upper Wilcox aquifer because of
the large withdrawals from the lower Claiborne-upper
Wilcox aquifer.

GROUND-WATER BUDGET

During 1985, regional recharge increased from
about 2,900 Mgal/d under simulated predevelopment
conditions to about 9,600 Mgal/d, and natural dis-
charge decreased from about 2,900 Mgal/d to about
1,100 Mgal/d during the same time period (compare
figs. 32 and 37). These changes are due to ground-water
withdrawals which generally increased from the late
1800’s to about 8,900 Mgal/d during 1985. About 76
percent of the ground water withdrawn during 1985
was deérived from an increase in recharge, about 21 per-
cent from a decrease in discharge, and about 3 percent
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FIGURE 37.—Simulated 1987 ground-water budget from the regional-scale model.

from loss of aquifer system storage. Net simulated
recharge to all aquifers and permeable zones except the
Mississippi River Valley alluvial aquifer and permeable
zone A was about 2,050 Mgal/d, or an increase from
predevelopment by a factor of about 5. Net simulated
recharge to permeable zone A was about 1,480 Mgal/d
compared to a net predevelopment discharge of about
300 Mgal/d. The largest change in the ground-water
budget was for the Mississippi River Valley alluvial
aquifer, which had a net simulated recharge of about
5,000 Mgal/d during 1987 compared to a net predevel-
opment discharge of about 390 Mgal/d. The change
from net discharge to net recharge was because the Mis-
sissippi River Valley alluvial aquifer had more than
one-half (about 4,900 Mgal/d) of the 1985 pumpage.
Net recharge to other aquifers and permeable zones
ranged from about 2 Mgal/d to the lower Wilcox aqui-
fer to as much as 550 Mgal/d to the middle Claiborne
aquifer. Part of the increase in regional recharge was

derived from capture of discharge from the local flow
system that was not simulated by the large-scale mod-
els. Net vertical flows were downward in all aquifers
and permeable zones except for the upward flow from
the upper Claiborne aquifer to permeable zone E of the
coastal lowlands aquifer system.

With the exception of permeable zone A, net simu-
lated recharge to the permeable zones of the coastal
lowlands aquifer system during the 1980’s was least to
permeable zone E and most to permeable zone B (Mar-
tin and Whiteman, in press; Ryder and Ardis, in press).
The largest net vertical flow between permeable zones
was from permeable zone A downward to permeable
zone B.

Net simulated recharge to the aquifers of the Texas
coastal uplands aquifer system during the 1980’s was
least to the upper Claiborne aquifer and most to the
lower Claiborne-upper Wilcox aquifer (Ryder and
Ardis, in press). The largest net vertical flow between
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the shore (Mesko and others, 1990). Chloride concentra-
tions increased at the rate of 5 to 15 [(mg/L)/yr]
during1963-83 at locations between the shore and the
center of maximum pumpage (Nyman, 1984). Simu-
lated flow vectors in permeable zone A for 1987 (fig. 33)
indicate large horizontal flow from near the shoreline
inland toward the center of pumpage, and vertical
flows were upward relative to the base of permeable
zone A; both conditions indicate the potential for the
movement of saltwater from offshore and from below.

POTENTIAL FOR GROUND-WATER DEVEL-
OPMENT

The aquifer systems of the Gulf Coastal Plain
have a potential for further development of water sup-
plies. The potential to increase regional recharge is sub-
stantial owing to the abundance of water in streams,
lakes, swamps, and other surface-water bodies and
to the hydraulic connection between the water table
in outcrop areas and the confined part of aquifers
and permeable zones. An analysis by Williamson and
Grubb (in press) indicates that the aquifer systems
could support withdrawals of as much as an additional
10,000 Mgal/d. The local flow system as well as the
regional flow system needs to be considered in locating
pumping centers to minimize adverse impacts of addi-
tional withdrawals. Areas where the Mississippi River
Valley alluvial aquifer has potential for further devel-
opment were delineated by Ackerman (1996), and they
are principally in northeastern Arkansas and southeast-
ern Missouri, east-central Mississippi, and northeastern
Louisiana. Areas of the Texas coastal uplands aquifer
system with potential for further development were
delineated by Ryder and Ardis (in press) and are princi-
pally in and near aquifer outcrop areas. Ryder and
Ardis (in press) reported that the potential for develop-
ment generally increases from west to east. The most
favorable conditions for further development of
ground-water supplies in the coastal lowlands aquifer
system are generally in the upper permeable zones.
Areas with potential for further development in the
coastal lowlands aquifer system have been delineated
by Martin and Whiteman (in press), and Ryder and
Ardis (in press).

Many factors work in concert to determine the
potential for the development of large quantities of
ground water at any specific location. An example from
Arthur and Taylor (in press) illustrates the effect of a
regional confining bed. At Marianna, Arkansas, the
lower Claiborne confining unit is present between
the middle Claiborne aquifer and the lower Clai-
borne-upper Wilcox aquifer, whereas at Wynne,
Arkansas, which is about 30 mi to the north of Mari-
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anna, the confining unit is not present. Simulation of
hypothetical ground-water withdrawals of 40 Mgal/d
from a 100-mi® area underlain by the middle Clai-
borne aquifer resulted in about 60 ft more drawdown
after 13 years pumping at Marianna than at Wynne.
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separate reports. These reports collectively contain the latest
available mineral data on more than 190 foreign countries and
discuss the importance of minerals to the economies of these
nations and the United States.

Permanent Catalogs

“Publications of the U.S. Geological Survey, 1879-1961"
and **Publications of the U.S. Geological Survey, 1962—
1970 are available in paperback book form and as a set of
microfiche.

“Publications of the U.S. Geological Survey, 1971-1981” is
available in paperback book form (two volumes, publications
listing and index) and as a set of microfiche.

Annual supplements for 1982. 1983, 1984, 1985, 1986, and
subsequent years are available in paperback book form.



